Suitability of wood biomass for pulp production is dependent on the cellular architecture and composition of secondary cell wall. Presently, systems genetics approach is being employed to understand the molecular basis of trait variation and co-expression network analysis has enabled holistic understanding of complex trait such as secondary development. Transcription factors (TFs) are reported as key regulators of meristematic growth and wood formation. The hierarchical TF network is a multi-layered system which interacts with downstream structural genes involved in biosynthesis of cellulose, hemicelluloses and lignin. Several TFs have been associated with wood formation in tree species such as Populus, Eucalyptus, Picea and Pinus. However, TF-specific co-expression networks to understand the interaction between these regulators are not reported. In the present study, co-expression network was developed for TFs expressed during wood formation in Eucalyptus tereticornis and ethylene-responsive element-binding factor, EtERF2, was identified as the major hub transcript which co-expressed with other secondary cell wall biogenesis-specific TFs such as EtSND2, EtVND1, EtVND4, EtVND6, EtMYB70, EtGRAS and EtSCL8. This study reveals a probable role of ethylene in determining natural variation in wood properties in Eucalyptus species. Understanding this transcriptional regulation underpinning the complex bio-processing trait of wood biomass will complement the Eucalyptus breeding program through selection of industrially suitable phenotypes by marker-assisted selection.
Introduction
Wood is one of the most abundant renewable biological resources serving multiple functions including mechanical support, water conduction, nutrient storage and defense. Wood property is a highly plastic trait with significant intraand inter-specific variation in phenotypes. Natural genetic variations in wood phenotypes occur due to multifactorial genetic perturbations which are further confounded by external factors such as photoperiod, nutrient availability, moisture content and temperature (Groover et al. 2010) . Hence, genome-wide analysis is presently used to comprehend the genetic basis governing this naturally occurring developmental variation. The present understanding of secondary development is predominantly based on single-gene variations affecting the wood composition (Vanholme et al. 2012) . However, systems model which integrates multi-level biological information is an effective strategy to study the spectrum of natural phenotypic variation occurring due to genome-wide perturbations (Mizrachi and Myburg 2016; Ingvarsson and Street 2011) .
Transcription factors (TFs) are one of the critical regulators of meristematic growth and development (Long and Benfey 2006) . Molecular and genetic analyses of xylem development have uncovered master transcriptional regulators that control the expression of secondary cell wall biosynthetic genes. The major TFs associated with this developmental stage include members of NAC, MYB, HB, zinc finger, LIM domain, MADS-box, WRKY, ARF, AP2-EREBP, ARID, AUX-IAA, bHLH, AS2/LOB and bZIP. Several reviews have summarized the transcriptional regulation of secondary wall biogenesis (Ohashi-Ito and Fukuda 2010; Zhong et al. 2010; Wang and Dixon 2012; Zhang et al. 2011; Schuetz et al. 2013; Zhong and Ye 2014; Ye and Zhong 2015; Jokipii-Lukkari et al. 2018) .
Eucalyptus is one of the widely planted hardwood species because of its superior growth, adaptability and amenable wood properties for pulp, bioenergy and lignicellulosic products (Mizrachi et al. 2017 ). Molecular regulation of wood formation in Eucalypts has been widely documented (Kirst et al. 2005; Barros et al. 2009; Salazar et al. 2013; Thavamanikumar et al. 2014; Hefer et al. 2015; Shinya et al. 2016; Dharanishanthi and Ghosh Dasgupta 2016; Mizrachi et al. 2017) . However, only few TFs regulating wood formation have been characterized in Eucalyptus sp. till date (Goicoechea et al. 2005; Legay et al. 2010; Hussey et al. 2011; Negishi et al. 2011; Yu et al. 2015; Dharanishanthi and Ghosh Dasgupta 2016; Soler et al. 2017) . Further, the interaction of wood-related TFs in naturally occurring phenotypes with distinct wood properties in relation to holocellulose and lignin content is not reported in this genus. Hence, a coexpression network specific to TFs was constructed in the present study to identify key TF regulators governing natural variation in wood property in E. tereticornis.
Materials and methods
TFs were mined from the expression datasets of 18,987 transcripts (GEO Accession number GSE73030) (Dharanishanthi and Ghosh Dasgupta 2016) using Wood-Formation Related Genes database (WFRGdb, http://me.lzu.edu.cn/ woodf ormat ion/). Further, Eucalyptus nucleotide sequences were used to search the complete protein sequences of Arabidopsis using BlastX with (e value cutoff of 1 e−5 ) in the nonredundant database of NCBI and TAIR (v10) and the best hits (lowest e value) were selected as Arabidopsis orthologs.
Expression profiles of TFs in four E. tereticornis genotypes (SWMG-6 and CW-8 with low lignin/high cellulose content; KUP-14 and NKR-49 with low cellulose and high lignin content) were sourced from the earlier study (Dharanishanthi and Ghosh Dasgupta 2016) . The fold expression data were filtered for significantly regulated (up-and downregulated) transcripts across all genotypes and transcripts exhibiting ± 0.8-fold difference in expression with a statistical significance of p < 0.05 were considered as differentially regulated. Hierarchical clustering was conducted with the CIMminer (http://disco ver.nci.nih.gov/cimmi ner/home. do) software for the two distinct groups to document gene expression clusters specific to the phenotypes.
The array used in the present study had 1190 TFs representing all major families. For construction of the co-expression network, the expression profiles of all TFs represented in the array was considered. A correlation matrix of all transcripts was made by calculating pair-wise Pearson correlation coefficient using normalized expression value across all genotypes using Co-Express 1.5 software (http://www.bioin forma tics.lu/CoExp ress/) with threshold of > 0.97. The number of significantly co-expressed TFs was 697. The TFs were functionally annotated and their position in chromosome, protein domains, and gene ontology were defined based on the recent genome assembly of E. grandis using Phytozome v12.1. GO enrichment was done using EUCANEXT (http://bioin fo03.ibi.unica mp.br/eucal yptus db/) and pathway analysis was conducted in Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto 2000; Kanehisa et al. 2012) .
The transcription factor network was constructed with 697 nodes and 14,017 edges using Cytoscape software (http://www.cytos cape.org) using default parameters (Shannon et al. 2003) . Each node represented a transcript and the edge represented the strength of co-expression. Duplicate edges and self loops were manually removed from the network. The degree was calculated for each node based on the number of edges connected to a node. Highly connected nodes (Hub TFs) were identified from the network. Subsequently, guided gene networks were constructed for major secondary cell wall biogenesis-related TFs including EtERF2, EtVND7, EtSND2 and EtMYB103.
Results
The functional annotation of the selected TFs revealed that they spanned all 11 chromosomes with maximum representation of 95 TFs in chromosome 6 and minimum representation of 41 in chromosome 4 (Supplementary table 1). GO mapping of transcripts categorized 373 TFs under biological process, 817 under molecular functions and cellular components included 156 TFs ( Supplementary Fig. 1 ). Pathway analysis revealed that maximum number of TFs represented the plant hormone signal transduction pathways.
The major families of TFs represented in the array belonged to MYB, NAC, WRKY, VND, SND1, LIM, HD-ZIP, Znf and bZIP. The major TFs and their representation in the co-expression network are presented in Table 1 .
Differential transcript expression revealed that the fold expression of TFs ranged from − 5.40 to 6.36 and maximum expression was documented in bHLH (5.59), LRR (4.71), Znf-C3HC4 (6.36) and TDR (3.68), while TDR (− 4.23), MYB91 (− 3.11), WRKY40 (− 2.99) and WRKY23 (− 5.40) documented minimum expression across SWMG-6, CW-8, KUP-14 and NKR-49, respectively. Comparison of the expression data across the two phenotypic groups revealed similar expression patterns (Fig. 1) . In SWMG-6 and CW-8, the fold expression ranged from (− 4.23) (TDR) to 5.59 (bHLH), while in KUP-14 and NKR-49 the fold expression ranged from − 5.40 (WRKY23) to 6.36 (Znf-C3HC4). No distinct expression pattern across the two phenotypic groups was documented.
The TF co-expression network was constructed with 697 nodes and 14,017 edges. The degree of the network ranged from 5 to 69. The major TFs with high degree of interactions included EtERF2, EtVND7, EtWRKY70, EtSND2, EtMYB103 andEt HD-ZIP1. EtERF2 was identified as top hub gene with 69° (Fig. 2) . The details of the TFs interacting with the top ten hub transcripts are shown in Table 2 .
Guided network of few major secondary cell wall biogenesis-related TFs was constructed. EtERF2 which coexpressed with 69 other TFs interacted with known cell wall biogenesis-related TFs such as EtSND2, EtVND1, EtVND4, EtVND6, EtMYB70, EtGRAS and EtSCL8 (Fig. 3a) . Another xylogenesis-specific TF, EtVND7 (NAC family TF), identified as the second major hub transcript, co-expressed with 68 transcripts including EtARF16, EtMYB20, EtMYB36, EtMYB70, EtNAC075 and EtWRKY 21 (Fig. 3b) . The known xylogenesis master regulator EtSND2 interacted with 64 TFs including EtMYB70, EtVND1, EtVND4, EtVND6, EtWRKY41, EtbZIP and EtbHLH92 (Fig. 3c ). EtMYB103 interacted with its paralogs such as EtMYB4R, EtMYB5, EtMYB61 and EtMYB70 (Fig. 3d) .
Discussion
In tree species, the composition of secondary cell wall determines its industrial utility and hence its biogenesis involving physiological, biochemical and molecular processes has been a topic of active research in tree science (Andersson-Gunnerås et al. 2006; Du and Groover 2010; Zhong et al. 2010; Wang and Dixon 2012; Hussey et al. 2013; Zhong and Ye 2014; Hefer et al. 2015; Shinya et al. 2016; Jokipii-Lukkari et al. 2018) . However, secondary growth leading to wood formation is an exceptionally complex developmental event controlled by numerous gene families involved in the biosynthesis of polysaccharides, lignin and cell wall proteins. Hence, integrating multiple level of trait information using system model enables characterization of individual genes, pathways and gene networks operational during secondary development (Mizrachi and Myburg 2016; Mizrachi et al. 2017; Jokipii-Lukkari et al. 2018) .
Transcriptional regulation of wood formation
Wood formation is governed by multi-tier regulation at spatial and temporal levels (Zhang et al. 2014 ). The anatomical variation in wood is primarily governed by integration of environmental and developmental cues to the molecular process of transcriptional regulation (Du and Groover 2010). Hierarchical control of wood formation by TF networks has been documented (Li et al. 2012; Zhong and Ye 2014) . This network is a complex multi-leveled feed-forward loop regulatory system (Zhong and Ye 2014) and several families of TFs interact to regulate secondary cell wall development (Cassan-Wang et al. 2013; Xu et al. 2015; McCarthy et al. 2009; Sundell et al. 2017; Sakamoto et al. 2016; Shi et al. 2017; JokipiiLukkari et al. 2018 ). This hierarchical-tier system involves the secondary cell wall-related NAC TFs (SND1, NST1/2 and VND6/7) as top level master regulators, while SND3, XND and MYBs are reported to act as second-level switches interacting with downstream TFs such as BES1, SND2, C3H14, KNAT7 and cell wall-related structural genes involved in biosynthesis of secondary cell wall components (Cassan-Wang et al. 2013; Hussey et al. 2013; Zhong and Ye 2014; Ye and Zhong 2015; Lamara et al. 2016) . In the present study, TF-specific co-expression network in E. tereticornis identified several hub TFs with high degree of interactions including EtERF2, EtVND7, EtWRKY70, EtSND2, EtMYB103 and Et HD-ZIP1, which is in agreement with earlier studies.
Ethylene-mediated transcriptional regulation of secondary development
The role of phytohormones in regulating vascular cambium activity has been intensively studied (reviewed by (Love et al. 2009; Andersson-Gunnerås et al. 2003; Vahala et al. 2013) and Picea abies (Ingemarsson 1995) . Further, accumulation of ethylene during TW formation is also reported (Andersson-Gunnerås et al. 2003; Du and Yamamoto 2003) . Ethylene-mediated transcriptional regulation is reported to occur in all developmental stages of secondary growth including secondary cell wall formation, cambium-xylem expansion phase, xylem maturation, lignin and xylem biosynthesis (Seyfferth et al. 2018) . The APETALA2/EthyleneResponsive element-binding Factor (AP2/ERF) is a plantspecific TF superfamily and their regulatory function in plant development is well established (Phukan et al. 2017) . Heterologous expression of ERFs in transgenic systems including poplars (Felten et al. 2011 (Felten et al. , 2018 ; Vahala et al. (Liu et al. 2017) had resulted in significant changes in cell wall composition. Similarly, over-expression of an ACC oxidase, PttACO1 increased wood formation in poplar (Love et al. 2009 ). In Eucalyptus hybrid (Eucalyptus urophylla × Eucalyptus grandis), two AP2/ERF transcripts were strongly upregulated in genotypes with high lignin and low cellulose content (Shinya et al. 2016) .
The only study to understand the role of ethylene-related genes using co-expression network was reported in poplar (Seyfferth et al. 2018) . The network identified EIN3D and 11 ERFs as hub transcripts. Additionally, 221 TFs belonging to NAC, MYB, C2H2, bZIP, bHLH, ERF, and TALE TF families were also documented in the network. A similar co-expression pattern was documented in the present study and EtERF2 was identified as the top hub transcript which interacted with 69 other TFs such as EtSND2, EtVND1, EtVND4, EtVND6 and EtMYB70. The occurrence of known secondary cell wall-related TFs such as SND2 in the poplar TF network is in agreement with the present study in E. tereticornis. These studies support the hypothesis that transcriptional mechanisms governing wood formation in angiosperms is conserved across lineages but are modulated by environmental, experimental or genetic perturbations (Zinkgraf et al. 2017) .
Conclusion
Documenting molecular phenotypes generated due to transcript expression patterns enable better understanding of trait variation (Porth et al. 2013; Du et al. 2016; Thavamanikumar et al. 2014) . Hence, integration of systems genetics approaches with marker identification has been advocated by several research groups (Feltus 2014; Baute et al. 2016; De Maeyer et al. 2016; Basnet et al. 2016 ). Co-expression networks have enabled identification of candidates for marker assays (Verbeke et al. 2013 ) and increased the reliability of eQTL association analysis in humans (Jia and Zhao 2014) . In a recent study, network-based association analysis was reported in E. grandis × E. urophylla and expression patterns of transcripts governing secondary cell wall biosynthesis was correlated with structure and processability of wood (Mizrachi et al. 2017) . In the present study, several candidate TFs with distinct expression variation across E. tereticornis phenotypes were identified in the co-expression network which could presumably affect the wood composition in the species. The study has identified major hub TFs which can act as candidates for marker discovery and accelerate Eucalyptus breeding for productivity improvement through selection of industrially suitable phenotypes by marker-assisted selection. 
